High material penetration by neutrons allows for experiments using sophisticated sample environments providing complex conditions. Thus, neutron imaging holds potential for performing in situ nondestructive measurements on large samples or even full technological systems, which are not possible with any other technique. This paper presents a new sample environment for in situ high resolution neutron imaging experiments at temperatures from room temperature up to 1100 • C and/or using controllable flow of reactive atmospheres. The design also offers the possibility to directly combine imaging with diffraction measurements. Design, special features, and specification of the furnace are described. In 
I. INTRODUCTION
Due to high penetration power of neutrons for many engineering materials such as metals and ceramics, neutron imaging has proven to be a strong tool for studies of macroscopic samples, but also for experiments requiring significant amounts of additional materials (e.g., sample holders, containers) or even devices in the direct beam. Thus, this technique holds great potential for the use of sophisticated sample environments while still remaining sensitive to the contained sample and thereby enabling in situ studies of operating engineering devices. Highly specialized sample environments have long been developed for a wide range of neutron experiments. Many of such environments are custom designed for specific neutron techniques, requiring different beam access and exit windows covering certain angular ranges and implying severe limitations to designs and achievable performance. 1 Neutron imaging 2,3 in the general case only requires measurement of the transmitted beam, but has very specific requirements regarding the proximity of the sample to the detector while still maintaining the option of sample rotation for tomography. Also the beam size in most cases is significantly larger than for most, if not for all other neutron techniques, i.e., the field of view should not be limited by the sample environment.
In recent years the spatial image resolution with neutrons, crucial for many applications of this technique, a) Electronic mail: malg@dtu.dk has been improved significantly and recent approaches aim at below 10 µm through significant improvements in detection technology. 4, 5 The achievable spatial resolution depends on the imaging instrument setup (collimation of the beam) and the detector. Beam collimation is especially important, when the sample is placed at some distance from the detector. Increasing this distance tremendously decreases the achievable spatial resolution due to the neutron beam divergence. On the other side, additional beam collimation decreases the available flux, again hindering resolution, in particular, time resolution, which is crucial for in situ experiments. Hence, a compromise between neutron beam intensity and spatial resolution must be made by choosing the collimation ratio L/D, where L is the aperture-sample distance, and D is the aperture size. The geometric resolution limit is then given by the blur b = d/(L/D), where d is the sample-to-detector distance. In experiments requiring a sample environment, this distance is therefore a critical part of the design.
Neutron imaging is a measurement technique, which provides insights into both macroscopic and microscopic features of the studied objects. 2,3 Attenuation contrast neutron radiography and tomography allow observations of inner structures of bulk objects, e.g., differences in density, cracks, pores, water, and hydrogen concentrations and uptake. [6] [7] [8] By means of advanced techniques, e.g., energy resolved neutron imaging, [9] [10] [11] [12] it is possible to gain spatially resolved information about the presence of different structural phases, texture related features or strains. [13] [14] [15] [16] [17] As a nondestructive technique, it holds great potential for corresponding observations of the kinetics of many important processes including phase transitions and changes in microstructure and crystal structure or stress fields in materials under variable conditions. However, establishing in situ investigations of such processes in a neutron beam often requires specific sample environments like cryostats, 18 magnets, 19 or furnaces, 1,20 which add limitations to the acquisition of high quality data.
In the last decade, great interest and rapid development of solid oxide electrochemical cells (SOCs)-both solid fuel cells and electrolysis cells (SOFCs and SOECs, respectively) (Refs. [21] [22] [23] for efficient and sustainable energy conversion-has shown a need for in situ observation of processes taking place during the operation of the cells. SOFCs are very promising devices for direct conversion of chemical energy into electric energy, but the technology still requires a lot of effort in optimization of their performance, lifetime and mechanical stability. Neutron imaging holds the potential of providing crucial in situ information about degradation processes taking place in the SOFCs, which presently cannot be achieved using any other experimental technique. Due to the required high operation temperature (about 800 • C) and reactive gases, in situ experiments must be performed in an environment providing the required conditions for SOFC operation.
Furnaces commonly used for SOFC electrical characterization are not suitable for neutron imaging experiments, among others, because of thick insulation made of strongly scattering or attenuating materials and several hours long heating and cooling times. Standard furnaces presently available at neutron facilities are not suitable for SOFC measurements, as they usually operate under vacuum or inert gas atmosphere. Furthermore, they are not well suited for high resolution imaging due to inherently large sample-detector distances, 1,20 and feature slow heating and cooling rates as well (a few hours). The possibility of very fast change of operating conditions (especially temperature) in a sample environment would, besides saving valuable beamtime, be of great advantage in particular for better control of the investigated processes, i.e., it would enable in situ changing of reaction rates or starting and interrupting studied processes. The need for in situ SOFC characterization by neutron imaging was the motivation for the design of a new sample environment, which we present in this work. For the study of hydrogen uptake by nuclear fuel cladding materials during oxidation in steam as well as to investigate the hydrogen diffusion in zirconium a special furnace called INRRO (In situ Neutron Radiography Reaction Oven) was constructed at KIT. 24, 25 The furnace can operate at temperatures up to 1500 • C. The spatial resolution of experiments with this furnace is relatively low because of the large sample detector distance of about 200 mm.
Besides the initially planned application, the presented furnace has great potential for various other studies such as, e.g., SOEC characterization and degradation; high resolution hydrogen uptake in metals (e.g., nuclear fuel claddings 7,8 ); crystal annealing, melting, recrystallization; and gas conversion and transport in catalysts and membranes. 26, 27 
II. FURNACE DESIGN
Here we present a specialized furnace designed for high resolution kinetics in situ neutron imaging measurements of processes requiring high temperatures of up to 1100 • C and/or controlled atmospheres of reactive gasses with flow rates up to 150 l/h. The design of the furnace was chosen so as to avoid the experimental issues described above and to achieve high flexibility, meaning the capability to accommodate a very broad field of applications from small samples to large devices as well as easy and fast mounting at any neutron imaging instrument.
A. Heating method
The most important feature of the furnace is the applied heating system, as it determines all related parameters like maximum temperature, heating/cooling rates, the design of the chamber including sample-detector distance, and the covered sample size range and positions.
Heating of the sample is based on absorption of electromagnetic radiation emitted from two (with the option of four) infrared heaters purchased from PRECISION CONTROL SYSTEMS, INC. 28 Each heater is equipped with six halogen quartz lamps and water-cooled polished aluminum reflectors (Figure 1 ), which provides a 100 mm × 75 mm heating area (non-focused radiation) and consumes 6 kW electric power. This method of heating of samples is very convenient for neutron experiments, as it allows reaching the required stable temperature in less than a few minutes depending on the sample mass and composition. The efficient control of the heaters allows very efficient use of neutron beamtime and quick changes of experimental conditions. Control of the heaters is performed using a customized program written in LabVIEW™, which is described in the Section II G. The radiation heating method combined with the design of the furnace, where only the sample (and not the environment) is directly heated, allows for very fast sample cooling, since only the sample (and not the environment) is heated. The actual cooling rate depends on sample composition, mass and volume. In the case of the experiment on SOC electrodes described in this paper, where relatively small ceramic-metal composite specimens of a few mm 3 were studied, the cooling process was so efficient that it was possible to exchange samples after a few minutes. This corresponds to the time required for stopping the neutron measurement and subsequent procedures (e.g., beam shutter closing and opening the radiation shielded hutch of the neutron instrument), without additional waiting time for the furnace to cool down. The high heating and cooling rates together with precise control of those broadens the field of applications of the furnace e.g., if the observed processes must be stopped at a certain time or the sample must be quickly cooled or heated.
B. Chamber design
The employed heating method by radiation absorption allows the use of a lightweight furnace chamber, since no insulation is needed.
The chamber dimensions are 400 × 600 × 600 mm 3 ( Figure 2 ) and it is composed of a frame and dismountable top, side and back walls and a water-cooled back panel with a thin aluminum window, through which neutrons pass before reaching the detector (later called "neutron window"). Large dimensions give the possibility of investigating relatively large samples with the additional option to add heaters and position them with great flexibility within the chamber. Cooling of the back panel is necessary to avoid exposing the neutron detector to high temperatures. This will be described in more detail in Section II D. The chamber elements are made of lightweight aluminum alloys produced by Alumeco A/S. 29 This composition was chosen to minimize neutron activation (very short radioactive decay half-life and small neutron cross-section of Al make it an advantageous material for neutron measurements) and is given in Table I . The weight of the chamber in its basic version, i.e., without removable top and walls is 35 kg. All heavy elements e.g., heaters can easily be mounted once the chamber is in position for the neutron radiography measurements. Therefore, despite relatively large dimensions, the furnace can be mounted within an hour at a neutron beamline without the need of a crane. The chamber has four adjustable feet for horizontal alignment.
A quartz tube can be mounted around the sample position when a controlled atmosphere is required (see Section II D).
The possibility of having an open chamber increases significantly the cooling rate of the samples.
In the center of the water-cooled back panel there is a neutron window of 70 mm diameter (Figure 2) made of 1 mm thin sheet of a high strength aluminum alloy (EN AW-6082). The composition of the alloy used for the window can be found in Table I . The details of the back panel are described in Section II D.
After a 4-days constant exposure to a high flux neutron beam (1.7 × 10 8 n cm −2 s −1 BOA beamline at the Paul Scherrer Institut (PSI) 30 ), the radiation level of the furnace was below 5 µSv/h.
C. Sample position
As it was explained before, the optimum sample position for high resolution imaging is just in front of the neutron window in close proximity of the detector. For SOC applications, as presented later in this publication, the sample is inside a quartz tube placed parallel and at close proximity to the neutron window. The tube is utilized for experiments in a controlled atmosphere. The tube is sealed at the ends and it is equipped with gas inlet and outlet on opposite ends. The gas flow can be controlled by the same program as for the temperature control (detailed description in Section II E). The boron-free quartz tube, purchased from Windsløv Glas, is 90 mm in outer diameter and has 2 mm wall thickness. The neutron window and quartz tube walls are the only elements of the furnace, through which the neutron beam has to pass to reach the sample and detector, therefore only a negligible part of flux is lost. This flux loss was measured to be within a few percent, depending on the neutron energy spectrum.
The distance between the window (inner surface) and the quartz tube is 2 mm, and the sample holder is placed very close (mm) to the inner surface of the quartz tube for our measurements. Consequently, the sample-detector distance (assuming that the detector is touching the 20 mm thick back wall of the furnace) can be as small as 25 mm. This is an essential feature, which makes this furnace design unique. To the best of our knowledge this is the first published furnace having this advantage, which makes it the first furnace dedicated for high resolution in situ neutron imaging measurements.
D. Detector protection
High temperatures are harmful for any neutron imaging detector, therefore safe operation only a few tens of millimeters away from a hot sample requires very efficient temperature control and cooling with respect to the exterior surface at the window, where the detector is placed. In this furnace this challenge has been solved by water cooling of the back panel placed between the detector and the sample holder. Water is flowing constantly through channels inside the panel, and omits only the window area. The temperature of cooling water should be in the range of 15 • C-25 • C, and the required flow is 180-300 l/h. The window, made from aluminum alloy, is cooled efficiently by the surrounding material due to excellent heat conduction properties. Inside the furnace, the aluminum walls act as reflectors, so heating of the window due to absorption is much less efficient than heating of the sample and sample holder. However, after a long measurement time (more than an hour), the temperature of all of the surroundings of the sample is elevated (ranging from room temperature to sample temperature, depending on the distance from the sample) due to convection and heat conduction. However, the water cooling system is sufficient to keep the temperature outside the neutron window facing the detector stable and close to room temperature (<40 • C), even after very long experiments (more than 10 h), which is monitored by a thermocouple. Examples of temperatures measured in front of the detector during time-consuming experiments are illustrated in Table II . The negligible heating of the window shows that the applied cooling system assures safe operation This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP: of neutron imaging detectors. Figure 3 presents a photo of the furnace installed at the BOA beamline (PSI, Switzerland) with the detector (CCD camera with a scintillator) 4,30 mounted in direct contact with the furnace back panel.
E. Sample holder
The sample holder is an element, which can be designed for specific applications and can easily be exchanged. The currently used sample holder was especially designed for mechanical SOFC anode support 31 studies. Details and requirements of this experiment are described in Section III A.
The sample holder used for this described experiment was manufactured from the oxidation and corrosion resistant material Inconel®, and its design is presented in Figure 4 . It is composed of a long arm, on one side connected with a precise stepper motor (min. step 0.01 • , SMC Corporation, model LER10) used for alignment of the sample or for tomography. On the one end of the holder the sample is fixed, and on the other edge of the sample a load (different load sizes are available) can be fixed to the sample (for experiments requiring external load). The sample temperature is controlled by a thermocouple, which is placed in touch with the bottom of the sample in the non-irradiated (by heater) area.
F. Specifications
Heating and cooling rates depend on furnace settings, e.g., number of heaters and their position, as well as sample position, size and material. Therefore the furnace settings can be optimized for a given application. Table III presents parameters obtained with settings applied for measurements of SOFC anode supports mentioned above.
A crucial parameter in neutron imaging is spatial resolution. Figure 5 illustrates the effect of the furnace on the achievable spatial resolution, which is related mainly to sample position. Neutron radiographs of the PSI Siemens star 32 placed at d = 3 mm from the detector ( Fig. 5(a) ) and at the sample position in the furnace (here d = 35 mm from detector) with L/D ratio equal to 485 ( Fig. 5(b) ) and 285 ( Fig. 5(c) ) were acquired at the SNAP instrument 33 at the Spallation Neutron Source (SNS) at the Oak Ridge National Laboratory (ORNL) using a micro-channel-plate (MCP) detector. 34, 13 These images indicate spatial resolutions of about 150 µm, 170 µm, and 200 µm, respectively, which prove that the spatial resolution, which can be achieved with the furnace in place, is very close to the intrinsic spatial resolution of the detector system, which is theoretically 110 µm when operating in time-of-flight (TOF) mode.
G. Furnace control
The furnace, in particular temperature, gas valves, gas flow, and sample rotation is controlled remotely from PC. The control program was written in LabVIEW environment. The program communicates with the analog power controller of the heaters via a Eurotherm® 3216 controller. For gas flow, a mass flow controller MFC (MKS Instruments, Inc.) is used. The LabVIEW user interface enables the programming of entire measurement cycles composed of steps with different gas flows and at different temperatures.
The angular position of the sample (rotation/alignment) is controlled remotely using a software provided by the producer of the stepper motor (SMC Corporation) together with an actuator and a controller independent of the furnace controls. III. Example of parameters achieved with the furnace with settings optimized for SOFC anode support reduction studies (example of application described later). Parameters can be different for other sample size and material.
Parameter
Range/value Comments Temperature Room temperature-1100 • C (tested range)
The highest achievable temperature (which depends on sample and settings) is expected to be 1400 • C Atmosphere (possibility of use of 3 different gases at once) Any inert gas (e.g., nitrogen, argon), air, oxygen, gas mixtures (e.g., 1%-9% H 2 + N 2 )
The setup can be adapted for more gases
Pressure
Atmospheric The setup is designed for atmospheric pressure, therefore for safety reasons it is equipped with a pressure release valve Gas flow 0-120 l/h Limit of the mass flow controller Maximal heating rate (time needed to reach required temperature)
These values were achieved with one heater, and applying the second heater will increase heating rate significantly. 
III. APPLICATIONS

A. Examples of experiments conducted with the furnace
The furnace can be used for in situ neutron imaging measurements of processes requiring high temperature and controlled atmospheres. Here we present several examples of high resolution measurements performed with this furnace.
SOC electrodes characterization
Energy resolved neutron imaging was used to observe a critical phase transition in anode supports for SOCs. The goal of the experiment was to investigate the effect of applied stress on the reduction progress in SOFC anode supports. The samples were made with state of the art material for anode supports: NiO-YSZ (yttria (Y 2 O 3 ) stabilized zirconia (ZrO 2 )) composite. Sample preparation for in situ experiments in the furnace is described in Ref. 35 . The samples were solid state layers of dimensions 1 × 7 × 20 mm 3 (7 mm parallel to the neutron beam). By means of energy resolved neutron imaging changes in NiO and Ni phase distributions and corresponding deformations due to applied stress during the reduction process were investigated. The reaction was conducted at temperatures varying from 600 • C to 850 • C with a flow of 100 l/h of 9% H 2 + 91%N 2 .
This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP: 192.38.90.17 On: Mon, 04 Jan 2016 08:12 :29 More detailed description of SOC composition and production can be found in Ref. 31 . During the assembly of the SOC stacks and during the operation, the cells are exposed to external stresses. At the initial step of operation and later during red-ox cycling phase transitions between nickel oxide and nickel take place. The first reduction reaction determines the microstructure and later cycles change it significantly. Therefore these processes are critical for the performance and lifetime of the entire fuel (or electrolysis) cell.
The results of experiments conducted at the pulsed neutron source ISIS (UK) at the ENGIN-X beamline, are presented in Figure 6 (a). The reduction reaction was conducted in the time steps ranging from 1 to 20 min of reduction at 650 • C in an atmosphere of 9% H 2 in 91% N 2 . Before and after each reduction reaction step neutron imaging was conducted with acquisition times of 30 min in order to obtain good statistics. The presented plots show Bragg edge patterns averaged over a whole sample, but it is possible to extract such patterns for smaller areas of the sample, even for single pixels with longer exposure times. The positions of the edges in the patterns correspond to lattice spacings of the crystalline structures present in the measured sample, and the height of edges depends on the amount of the corresponding phase. Thus, this measurement provides quantitative spatially resolved information about changes in phase content in the sample with respect to applied stress and reduction. The quantification procedure of such measurements is described in Ref. 36 . The ultimate purpose of the furnace is in situ measurements, and examples of such experiments are presented in detail in Ref. 37 . Nevertheless experiments performed in steps (when neutron imaging is performed after each reaction step) give complementary information, as they enable long exposure times and hence improved statistics as compared to the real in situ series. This kind of experiment demonstrates well the flexibility of the furnace: obtaining data with high spatial resolution and by "freezing" of the investigated process at a certain stage, by quick changes of temperature and atmosphere. The spatial resolution of the images taken during this experiment was about 200 µm. Figure 7 presents the results of an experiment conducted at the continuous neutron source SINQ (PSI, Switzerland) at the BOA beamline. In this case, energy selective neutron imaging was applied for the first time for the simultaneous observation of the phase transition and crack formation after several red-ox cycles of the SOFC anode material. This measurement has been performed using monochromatic neutron beam with wavelength corresponding to Bragg edge characteristic for NiO (2.95 Å). The color scale in Figure 7 (a) indicates the percentage of reduced phase (Ni, orange) and non-reduced phase (NiO, blue) in the samples after consecutive reduction and oxidation processes. Image analysis of this experiment is complex, because of the cracks appearing in the material during the process. Presence of the cracks in the samples increases the neutron transmission. Size and density of the cracks in this case does not however introduce significant error in phase amount evaluation. In principle, in radiography images only the biggest cracks can be spotted (visible at the Fig. 7(a) ) as both an increase in transmission and change of the sample shape. Big cracks can also locally affect the evaluation of phase distribution. In order to better distinguish the signal coming from cracks and from phase distribution, additional post measurement imaging or tomography with white beam is necessary.
Hydrogen absorption in zirconium alloy
Another example of application of the furnace is in situ observation of hydrogen absorption in metals, e.g., zirconium alloys used for nuclear fuel claddings, which is possible due to the high neutron attenuation coefficient of hydrogen. Figure 8 presents neutron images of zirconium alloy samples after 1 min, 20 min, and 30 min of treatment in 5% H 2 95% Ar at high temperature performed in our furnace. Images show 4.5 mm wide part of solid cylinders with a diameter This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP: 
B. Adaptation to further applications of the furnace
The furnace has a very broad field of applications enabled by the possibility of using different conditions and its modifications. In this section examples of possible adaptations are described.
Each heater provides a power of 6 kW, and only one is sufficient for many applications (Table II) . To still ensure homogeneous heating and prevent temperature gradients to build up for bigger samples, a second (and a third and fourth) heater can be easily mounted in the chamber.
The position of the heaters can be adjusted in three dimensions and rotated along one axis. Flexible position of heaters in the chamber enables mounting of different or additional sample stages, stepper motors or a more complex sample environment, e.g., a stress rig. Also different sizes of the quartz tube for controlled atmosphere can be used for larger samples. Hence the geometry of set-ups in the furnace structure is highly flexible.
To observe three-dimensional structure e.g., of the cracks formed in the samples presented in Fig. 6 , tomographic measurements 38 are required. The sample holder in the furnace is equipped with a precise stepper motor, which can be used to perform neutron tomography measurements. Thus, using our furnace it is possible to perform simultaneously phase transition imaging (measuring Bragg edge patterns) combined with observation of 3D structure changes.
The furnace chamber can be closed with gas tight side plates. Closing the chamber enables introducing a specific atmosphere in the whole chamber. In this case, however, particular care is required to protect the heaters from exposure to reducing atmosphere.
Besides neutron imaging, the furnace can be used for neutron diffraction experiments. This is possible with standard furnaces available at many neutron facilities, but this sample environment can be used for in situ combined imaging and diffraction experiments as well as exploiting the outstanding features of fast heating, cooling and atmosphere changes. There are presently a few instruments at neutron facilities, e.g., ENGIN-X (ISIS), VULCAN (SNS), and HIPPO (LANSCE) (soon available also IMAT (ISIS)), where detectors for imaging and for diffraction can routinely be used simultaneously. Neutron diffraction experiments can be performed in controlled atmosphere, as on the outlet side of the quartz tube, two exchangeable flanges can be used, and the one presented in Figure 4 (b) enables measurements in 90 • geometry. Using this setup significantly decreases accessible angular range to about 0.07 sr. For experiments, which do not require specific atmosphere, there is no need to use the quartz tube, which ensures good angular accessibility of the scattered neutrons to detectors over an angular range of about 1.5 sr.
IV. SUMMARY
This new sample environment for in situ neutron imaging experiments requiring controlled atmosphere and elevated temperatures is presented. This is the first furnace allowing for in situ high spatial resolution neutron imaging. Its most important features are: minimized sample-detector distances of 25 mm (necessary for high spatial resolution), very small loss of neutron flux due to neutron beam attenuation by furnace elements (<5%), very short time (1-5 min) required for achieving the required environmental conditions (temperature and atmosphere) and fast response to changing the conditions. The unique furnace design and the principle of operation enable a great flexibility for specific application and the key parameters of the furnace and potential applications were outlined. In addition specific examples of experiments were successfully performed with the presented sample environment underlining its remarkable functionality and performance.
